INTRODUCTION
============

Alternative splicing is a versatile mechanism that explains both, how the vast complexity of the human proteome is generated from a limited number of genes and serves as a key target for the regulation of gene expression ([@gkt875-B1]). The advent of high-throughput technologies paved the way for genome-wide analyses indicating that transcripts from up to 95% of multiple exon-containing human genes undergo alternative splicing ([@gkt875-B4]). This review will focus on the most common form of alternative splicing in mammals, which involves differential selection of exons within primary RNA transcripts for inclusion in the mature mRNA ([@gkt875-B1]). As the majority of the resulting isoforms are variably expressed at different times in development and/or in different cell and tissue types, alternative splicing must be precisely and robustly regulated ([@gkt875-B4]). The importance of pre-mRNA splicing in mediating proper temporal and spatial expression of the human genome is underscored by the large number of genetic disorders associated with alterations in this process. Extensive surveys of disease-causing mutations in human genes revealed that the primary effect in up to 50% of the known examples is to disrupt constitutive splicing or perturb alternative splicing patterns ([@gkt875-B9]).

Removal of introns from pre-mRNAs is carried out by a large macromolecular machine known as the spliceosome, which is comprised of five snRNAs and ∼300 proteins ([@gkt875-B13]). Counter to the original view that only the earliest events in spliceosome assembly (formation of the E-complex containing the U1 snRNP and U2AF) are targeted by regulatory mechanisms, it is now understood that control over alternative splicing can be exerted at multiple later stages of the process including the transition from the pre-spliceosome containing the U1 and U2 snRNPs to the mature but pre-catalytic spliceosome \[for comprehensive reviews, see ([@gkt875-B8],[@gkt875-B14])\].

Mammalian gene architecture, in which exons comprise relatively small islands amidst a sea of intronic sequences, necessitates an initial recognition process in which *cis*-acting sequences recruit *trans*-acting factors to form exon definition complexes ([@gkt875-B15]). Studies carried out over the past several decades have demonstrated that tissue- or developmental stage-specific alternative splicing is regulated at two different levels. At the most fundamental, local level, *trans*-acting splicing regulators, usually RNA-binding proteins, recognize *cis*-acting regulatory elements to control the formation of spliceosomes on pre-mRNAs ([@gkt875-B16]). At a higher, more integrated level, transcriptional parameters, which in turn are influenced by chromatin structure and/or histone modifications, are key factors that ensure proper regulation of alternative splicing ([@gkt875-B17]). Importantly, the two levels of alternative splicing regulation are connected by virtue of cotranscriptional deposition of protein factors including the serine--arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) onto nascent transcripts. Depending on the context, these factors may either antagonize or promote the recruitment of spliceosomal components to yield distinct alternative splicing patterns ([@gkt875-B17]).

The mechanisms through which precise temporal and spatial regulation of spliceosome assembly ensures proper patterns of alternative splicing have been the subject of numerous recent reviews, several of which are cited above. In this article, we will focus on alternative splicing regulation at the chromatin level. This is a rapidly developing area of research that has benefited enormously from recent advances in genome-wide epigenetic analyses. These strategies have uncovered new mechanisms of alternative splicing regulation as well as adding a new dimension to our understanding of this process. We will first discuss exon definition in the context of the genome, emphasizing specific types of histone modifications that mark exons. Next, we will summarize how specific histone marks regulate alternative splicing through two proposed mechanisms. Last and most importantly, we will discuss an emerging theme in the epigenetic regulation of alternative splicing: possible roles of RNA-guided changes in histone modifications that lead to differential alternative splicing outcomes.

Exon definition at the chromatin level
--------------------------------------

### Nucleosome positioning

The packaging of eukaryotic nuclear DNA into nucleosomes, in which 147 bp are wrapped around a histone octamer, limits accessibility and thus impinges on molecular processes that utilize DNA as a template including transcription and recombination ([@gkt875-B18]). In addition to nucleosome positioning, the patterns of histone modifications demarcate functional genomic regions and influence the recruitment of *trans*-acting factors ([@gkt875-B19]). Recently, it has become apparent that chromosomal features also influence processes that do not directly involve DNA yet occur cotranscriptionally such as pre-messenger RNA splicing. In 2009, four groups independently reanalyzed the genome-wide nucleosome positioning data obtained using activated human T cells ([@gkt875-B20]) and discovered that nucleosome density is higher over exons than introns ([@gkt875-B21]). A similar observation was also made using human sperm cells and Medaka (Japanese rice fish) early embryonic cells ([@gkt875-B25]). Moreover, preferential association of nucleosomes with exons appears to be conserved throughout metazoans including *Caenorhabditis elegans* and *Drosophila* ([@gkt875-B22]). By correlating exon inclusion levels and nucleosome distribution patterns, these studies suggested that nucleosome positioning defines exons at the chromatin level. Thus, the similarity between the average size of a vertebrate exon, 170 nt, and a single nucleosome + associated linker DNA may not be coincidental ([@gkt875-B26]).

Given that nucleosomes serve as barriers to transcription, it is not surprising that RNA polymerase II (Pol II) binding in metazoans is also higher on exons than introns ([@gkt875-B22],[@gkt875-B27]). Presumably, pausing of Pol II at exons allows more time for the splicing machinery to recognize and define exons. Consistent with this idea, it has been found that polymerase density is higher on alternative exons than on constitutive exons ([@gkt875-B28]). Interestingly, for intron-containing genes in fission yeast, nucleosomes also appear to be enriched on exons, whereas Pol II preferentially accumulates over introns ([@gkt875-B32]). This inverse distribution is nevertheless consistent with a role for polymerase speed in determining the locations of spliceosome assembly, as splice sites in fission yeast are initially paired across the relatively small introns (average length 81 nt) rather than the much larger exons ([@gkt875-B33]).

### Histone modification

These and additional studies also examined the patterns of histone posttranslational modifications (PTMs) in relation to exon--intron architecture. Histone PTMs, which can occur at multiple positions within a given polypeptide chain but are most frequently found at amino acids in the N-terminal tails of these proteins, play important roles in modulating chromatin structure. Of the 13 types of histone PTMs described to date, the most common and also most extensively studied are acetylation and methylation ([@gkt875-B34]). Historically, these have been classified as activating or repressing, respectively, but more recent work indicates that the impact of a given PTM on transcription is context dependent. The popular histone code hypothesis, which states that the recognition of specific combinations of histone marks by protein complexes leads to distinct downstream events ([@gkt875-B35]), can now be extended from DNA-level to RNA-level events.

Several studies analyzed genome-wide chromatin immunoprecipitation-sequencing (ChIP-seq) data for 38 histone PTMs and found a pronounced enrichment of the H3K36me3 (histone H3 Lysine 36 trimethyl) mark on exons ([@gkt875-B21],[@gkt875-B36]). Remarkably, this histone mark appears to be associated more significantly with constitutive exons than with alternative exons ([@gkt875-B21],[@gkt875-B36],[@gkt875-B37]). Several other histone PTMs are enriched over exons, but to a lesser extent, including H3K27me1/2/3 ([@gkt875-B21],[@gkt875-B23]), H3K79me1 ([@gkt875-B22],[@gkt875-B23]), H4K20me1 ([@gkt875-B22],[@gkt875-B23]) and H2BK5me1 ([@gkt875-B22],[@gkt875-B23]). Again, this phenomenon is conserved among metazoans from flies and worms to humans ([@gkt875-B22],[@gkt875-B23],[@gkt875-B36]). Interestingly, a more recent study indicated that the H3K36me3 mark is also enriched over exons in fission yeast ([@gkt875-B32]), which in this organism may facilitate intron definition. Thus, the overall picture is that exon/intron boundaries are marked by transitions between regions enriched in and depleted of H3K36me3. The mechanisms by which these differential markings of exons and introns by histone modifications define positions of spliceosome assembly remain to be elucidated.

### DNA methylation

DNA methylation is a key epigenetic modification in the mammalian genome that serves as an important regulator of gene transcription \[reviewed in ([@gkt875-B38])\]. This modification is catalyzed by enzymes that add a methyl group to the cytosine at CpG dinucleotides (5-methylcytosine, 5-mC), the majority of which are methylated in most tissues and developmental stages that have been examined. Recently, three groups performed high-definition profiling of DNA methylation by single-molecule bisulfite sequencing technology and found that DNA methylation correlates with intron--exon junctions and is enriched in exonic regions in humans, honey bees and Arabidopsis ([@gkt875-B39]). These results provide strong evidence that DNA methylation is another evolutionarily conserved mark for exon definition. Interestingly, in honey bees, a strong correlation was also found between methylation patterns on alternative exons and splicing patterns of these exons in queens and workers ([@gkt875-B40]).

Less is known about the role of 5-hydroxymethylcytosine (5-hmC), a 5-mC derivative generated by the oxidation of 5-mC, which is abundant in the brain. Traditional bisulfite methods for assaying DNA modifications cannot differentiate between 5-mC and 5-hmC. Recently, Petronis and colleagues assayed 5-hmC by using glucosylation coupled with restriction-enzyme digestion and microarray analysis ([@gkt875-B42]). They found that 5-hmC is highly enriched at the exon--intron boundary in the brain, whereas 5-mC is highly enriched at the exon--intron boundary in nonneuronal cells. Moreover, in the human frontal cortex, the DNA encoding constitutive exons that are included in 100% of gene transcripts contained higher levels of 5-hmC than alternatively spliced exons that are included in ≤80% of gene transcripts ([@gkt875-B42]).

These studies indicate that modifications of DNA as well as histones serve as tissue-specific markers that help to differentiate exons from introns.

Epigenetic regulation of alternative splicing: two modes of action
------------------------------------------------------------------

The basis of epigenetic regulation of alternative splicing is that, in eukaryotes, splicing generally proceeds cotranscriptionally ([@gkt875-B43]). Although a few recent studies indicated that some introns are removed posttranscriptionally, it is notable that, in these cases, the partially spliced transcripts remain tethered to chromatin until splicing is completed ([@gkt875-B48],[@gkt875-B49]). These findings imply that chromatin structure and histone modifications can still influence splicing events that occur more slowly or involve removal of introns near the 3′-end of the transcript. Chromatin structure and histone modifications have been inferred to affect alternative splicing through two mechanisms, kinetic coupling and chromatin-splicing adaptor systems, which have been discussed extensively by Kornblihtt, Misteli and colleagues ([@gkt875-B17]) and are briefly described below.

### Kinetic coupling

For splicing events that occur cotranscriptionally, the kinetic coupling model states that there is a kinetic competition between transcription elongation and splicing ([@gkt875-B17]). As alternative exons generally have suboptimal splicing signals that require more time to be recognized by the splicing machinery ([@gkt875-B50]), it was predicted that faster transcriptional elongation speed of Pol II leads to increased skipping of these exons ([@gkt875-B17]). Kornblihtt and colleagues directly tested this hypothesis in a study using an engineered mutant Pol II that mimics the Drosophila C4 mutant, which exhibits a slow rate of transcriptional elongation. In human cells, the mutant polymerase increased inclusion of the ED1 exon in fibronectin and promoted the use of a downstream alternative 5′-splice site in the Adenovirus pre-mRNA ([@gkt875-B51]). In Drosophila, the C4 Pol II mutant was shown to affect splicing of the endogenous ultrobithorax pre-mRNA, suggesting a physiological role for the coupling between the kinetics of transcription and alternative splicing regulation ([@gkt875-B51]).

The rate of transcriptional elongation is modulated by the dynamic cycle of acetylation and deacetylation of histones during transcription. A variety of histone acetyltransferases (HATs) and deacetylases (HDACs) mediate the addition and removal of acetyl groups ([@gkt875-B53]). Rapid histone acetylation/deacetylation is very important for nucleosome dynamics during transcriptional elongation and is coordinated by the C-terminal domain (CTD) of Pol II ([@gkt875-B54]). When pre-mRNA is transcribed by Pol II, acetylation of the nucleosomes in front of the elongation complex by HATs is required to destabilize histone--DNA interactions ([@gkt875-B55]). The passage of Pol II causes displacement of histones, which are subsequently redeposited onto the DNA behind Pol II. These newly deposited nucleosomes are hyperacetylated, but only transiently. In order to maintain a normal chromatin configuration, histone deacetylase complexes remove the acetyl marks from histones ([@gkt875-B58]). Overall, reversible histone acetylation serves as a mechanism to modulate local chromatin structure rapidly during transcription.

Recent global assays have indicated that the activity of HDACs also influences the selection of specific pairs of splice sites in many genes. Using splicing-sensitive microarrays, HDAC inhibitors were shown to affect the splicing patterns of ∼700 human genes ([@gkt875-B61]). In particular, it was found that inhibition or depletion of HDAC1 led to increased histone H4 acetylation surrounding an alternative exon, which in turn enhanced the rate of elongation by Pol II, thereby decreasing inclusion of the exon ([@gkt875-B61]).

### Chromatin-splicing adaptor systems

During cotranscriptional splicing, chromatin remodeling proteins that recognize and bind specific histone marks recruit splicing factors to the site of transcription, an action that achieves one of two goals. First, core components of the spliceosome are recruited to ensure efficient and accurate removal of introns. For example, acetylation mediated by the HAT Gcn5 is required for cotranscriptional recruitment of the U2 snRNP to the branchpoint ([@gkt875-B62]). In another example, the chromodomain protein CHD1 forms a bridge between H3K4me3 and the growing spliceosome via specific interactions with the U2 snRNP ([@gkt875-B19]). Second, and are more relevant to the subject matter of this review, splicing regulators are recruited through chromatin remodeling proteins to directly affect the inclusion or exclusion of alternative exons. In the following section, we describe several examples to illustrate how histone marks dictate alternative splicing outcomes, focusing in particular on the impact of localized changes in histone modifications. It should be noted that kinetic coupling mechanisms and chromatin-splicing adaptor systems are not mutually exclusive; thus, in some examples, both are involved.

### H3K9me

The marking of chromatin by histone H3 lysine 9 methylation including dimethylation (H3K9me2) and trimethylation (H3K9me3) is correlated with transcriptional repression. In mammalian genomes, H3K9me3, which serves as a specific binding site for the chromodomain protein HP1 ([@gkt875-B63]), is generally enriched in heterochromatin and across transposons and other repetitive DNA elements. However, it has also been shown that H3K9me3 is associated with the coding regions of transcribed genes ([@gkt875-B64]). Interestingly, multiple recent studies indicate that the H3K9me3 mark can influence alternative splicing.

The first such study, by Muchardt and colleagues, carefully examined the distribution of a number of histone modifications including H3K4me2, H3K4me3, H3K36me3, H3K9me2 and H3K9me3 across the CD44 gene ([@gkt875-B29]). Human CD44 exists in numerous isoforms generated by alternative splicing involving the variable region of the extracellular domain of CD44. The 10 variable exons (v1--v10) are located between two series of constitutive exons (C1--C5 and C16--C19) ([@gkt875-B67],[@gkt875-B68]). An earlier study had demonstrated that Brm, one of the components of the chromatin remodeling complex Swi/Snf, associated with Pol II and reduced transcriptional elongation of the variable region of CD44, resulting in inclusion of the variable exons ([@gkt875-B28]). In the recent study, it was found that the chromosomal region encompassing the CD44 variable exons is highly enriched in H3K9me3 marks, and the presence of this mark correlates with increased inclusion of the alternative exons in the mature CD44 mRNA. H3K9me3 marks in this localized region are recognized by HP1γ, which facilitates inclusion of the alternative exons by reducing the local transcriptional elongation rate ([Figure 1](#gkt875-F1){ref-type="fig"}A). This study provided the first evidence that local H3K9me3 modifications can impact alternative splicing by marking the chromosomal regions surrounding alternative exons ([@gkt875-B29]). Figure 1.Mechanisms through which histone modifications affect alternative splicing outcomes. (**A**) H3K9me2 and H3K9me3 are recognized and bound by HP1α and HP1γ, respectively. As a result, Pol II slows down at the HP1-bound chromosomal region, leading to increased inclusion of a nearby alternative exon. (**B**) Hyperacetylation of H3 and H4 promotes a more relaxed chromatin structure, increased Pol II elongation rate and skipping of alternative exons. (**C**) The chromodomain protein MRG15 binds to H3K36me3 and recruits the splicing silencer protein PTB to its target RNA, thereby promoting skipping of an alternative exon. (**D**) Another H3K36me3-binding protein, Psip1, affects inclusion of alternative exons by recruiting the splicing regulator SRSF1.

In a second recent study, H3K9me2 was found in association with alternative exons in the Fibronectin (FN1) gene encoding a protein that mediates a wide variety of cellular interactions with the extracellular matrix and plays important roles in cell adhesion, migration, growth and differentiation ([@gkt875-B69]). FN1 produces different protein isoforms through alternative splicing of exon EDI. The recent study indicated that local H3K9me2 marks induced by targeting of siRNAs to a region close to exon EDI influences splicing of exon EDI. Heterochromatin-associated protein HP1α recognizes the H3K9me2 marks and slows down transcriptional elongation, resulting in inclusion of exon EDI ([@gkt875-B70]) ([Figure 1](#gkt875-F1){ref-type="fig"}A). The mechanism through which siRNAs mediate deposition of the H3K9me2 mark will be discussed below.

### H3K9ac

The influence of changes in local histone acetylation patterns on splice site selection was first demonstrated in depolarized neuronal cells ([@gkt875-B71]). The gene targeted by this mechanism encodes the neural cell adhesion protein (NCAM), which is involved in the development of the central nervous system. NCAM specifies two isoforms that contain different portions of the cytosolic region due to selective inclusion of exon 18 ([@gkt875-B72]). Depolarization in neuronal cells induces H3K9 hyperacetylation restricted to an internal region of the NCAM gene surrounding exon 18, resulting in skipping of this exon. The hyperacetylation was also shown to increase the local transcriptional elongation rate ([Figure 1](#gkt875-F1){ref-type="fig"}B). These effects were fully reversible when the depolarizing agent was removed. Inhibition of HDAC activity by trichostatin A resulted in a similar molecular phenotype, indicating that depolarization most likely exerts its effects by increasing histone acetylation ([@gkt875-B71]).

### H3ac and H4ac

Studies from our laboratory provided two additional examples of how local histone hyperacetylation affects inclusion of alternative exons. The first target we uncovered is neurofibromatosis type 1 (NF1), a tumor-suppressor gene that contains alternative exon 23a, which encodes 21 amino acids within the domain related to GTPase-activating proteins ([@gkt875-B73]), while the second target gene encodes the apoptosis-promoting receptor Fas, which produces a soluble isoform through exclusion of alternative exon 6 ([@gkt875-B74]). Recently, we found that localized histone hyperacetylation surrounding these two alternative exons was significantly higher in neuronal than in nonneuronal cells. Histone hyperacetylation leads to an increased local transcriptional elongation rate and decreased inclusion of these exons ([Figure 1](#gkt875-F1){ref-type="fig"}B). This study provided direct evidence to support the proposal that local histone acetylation surrounding alternative exons influences splice site selection ([@gkt875-B30]). Interestingly, we found that Hu proteins are among the major regulatory factors that repress inclusion of NF1 exon 23a and Fas exon 6 in neuronal cells ([@gkt875-B73]); the mechanism of Hu-mediated histone acetylation will be discussed below.

### H3K36me3

Histone H3 lysine 36 trimethylation (H3K36me3) is a hallmark of transcription elongation. Accordingly, H3K36me3 levels are lowest at the promoter and highest in the transcribed regions of genes ([@gkt875-B75]). In metazoans, this histone modification marks exons in genes undergoing active transcription including alternative exons ([@gkt875-B76],[@gkt875-B77]). In fission yeast, where alternative splicing via exon skipping is rare ([@gkt875-B33]), H3K36me3 is nevertheless enriched over exons, particularly in poorly expressed genes ([@gkt875-B32]). Thus, this mark may facilitate proper splice site pairing via intron definition as well as exon definition by modulating the rate of Pol II elongation. Although a kinetic coupling mechanism could in principle apply to metazoans, where excluded exons are excised together with the adjacent introns, the two examples discussed below involve chromatin-splicing adaptor systems.

A well-documented example in which H3K36me3 influences alternative splicing of a mammalian transcript is fibroblast growth factor receptor (FGFR2), which contains two mutually exclusive exons (IIIb and IIIc) that encode a region within the extracellular immunoglobulin-like domain responsible for distinct differences in ligand-binding specificity ([@gkt875-B78]). The FGFR2-IIIb splice variant is expressed in epithelial cells, while FGFR2-IIIc is expressed in mesenchymal cells ([@gkt875-B79],[@gkt875-B80]). Analysis of histone modifications throughout FGFR2 indicated that H3K36me3 is enriched over the FGFR2 gene in mesenchymal cells. This mark is recognized by the MORF-related gene 15 (MRG15) protein, which directly recruits the polypyrimidine tract-binding protein (PTB) to the intronic splicing silencer element surrounding exon IIIb to repress its inclusion in mesenchymal cells ([Figure 1](#gkt875-F1){ref-type="fig"}C). These results exemplify how local deposition of H3K36me3 can affect alternative splicing by recruiting the splicing regulator PTB to pre-mRNA via the chromatin-binding protein MRG15 ([@gkt875-B76]).

The H3K36me3 mark can also be recognized by the chromatin-associated protein Psip1 to regulate alternative splicing ([@gkt875-B77]). P52, the short isoform of Psip1 (Psip1/p52), is enriched in expressed genes, often at the downstream exons, and its distribution correlates with H3K36me3 patterns. A ChIP assay indicated a strong congruence in the presence of H3K36me3, Psip1/p52 and the SR protein SRSF1 on specific gene regions surrounding alternative exons such as exon 7 of Vcan and exon 5 of Diap2. Using biochemical and knockout assays, the authors found that Psip1/p52 binds the H3K36me3 marks through its PWWP domain, thereby recruiting SRSF1 to pre-mRNA to regulate alternative splicing ([@gkt875-B77]) ([Figure 1](#gkt875-F1){ref-type="fig"}D).

### DNA methylation (5-mC)

Multiple studies revealed a strong correlation between DNA methylation and alternative splicing, although evidence for a direct causal relationship between the two processes remained elusive. However, two recent studies established a mechanistic link between DNA methylation and alternative splicing outcomes ([@gkt875-B81],[@gkt875-B82]). First, Oberdoerffer and colleagues found that a DNA-binding protein, CCCTC-binding factor (CTCF), can promote inclusion of many alternative exons containing weak upstream splice sites by mediating local RNA polymerase II pausing ([@gkt875-B81]). They used alternative exon 5 of the CD45 gene as a model system to investigate the mechanism. CD45 is a hematopoietic receptor-like tyrosine phosphatase. Alternative splicing of three exons (4, 5 and 6) in CD45 produces multiple isoforms characterized by differential inclusion of heavily glycosylated protein segments A, B and C, respectively. In naive T cells, exons 4, 5 and 6 are included. Upon differentiation to memory T cells, exons 4, 5 and 6 are skipped ([@gkt875-B83]). The authors found that 5-mC of CD45 exon 5 was increased during the transition from naive to mature T lymphocytes, which is correlated with exclusion of exon 5. In mature T lymphocytes, high levels of 5-mC promote exclusion of exon 5 by blocking CTCF binding to DNA. Second, a very recent study showed that DNA methylation is enriched in the DNA corresponding to included alternative exons in human cells, and that inhibition of DNA methylation with drug treatment disrupts regulation of alternative exons. Methyl-CpG-binding protein MeCP2 promoted the inclusion of alternative exons by recognizing DNA methylation and maintaining local histone hypoacetylation through the subsequent recruitment of HDACs ([@gkt875-B82]).

Although the emerging evidence for chromatin-level regulation of alternative splicing is certainly exciting, it should be noted that it remains unclear whether these contributions are general. For example, modulation of splice site choice by transcriptional coupling mediated by a chromatin binding protein applies only to a subset of exons ([@gkt875-B75]). Thus, the impact of histone and DNA modifications on exon inclusion may be critical in some genes and contexts but not in others.

Alternative splicing mediated by RNA and potential roles of RNA-guided local chromatin modifications in pre-mRNA processing
---------------------------------------------------------------------------------------------------------------------------

Selection of alternative exons is a complex process that responds to cell type-specific, developmental stage-specific and environmental signals. To accurately regulate alternative splicing at the chromatin level, it is necessary to modulate histone modifications at the chromosomal regions corresponding to alternative exons. However, histone modifications are created and removed by ubiquitously expressed histone-modifying complexes that appear to have no sequence specificity. Thus, a very important question is what guides these histone-modifying complexes to distinct and specific sites in different cellular contexts. From a number of recent studies, a theme has begun to emerge, namely that RNA molecules can recruit histone-modifying complexes to particular chromatin sites and regulate their activity to establish and maintain the proper local chromatin structure. In the following sections, we will first discuss the roles of siRNA/sRNA and pre-mRNA in regulating histone modifications needed for the accurate control of alternative splicing. Next, we will discuss the role of lncRNA in alternative splicing. Although numerous studies have implicated IncRNAs in chromatin modification, transcription and alternative splicing separately, no clear examples that link the two functions have yet been described. Many excellent reviews have already discussed the roles of lncRNAs in regulating local chromatin modification to regulate gene expression ([@gkt875-B84]). Thus, in this section, we will focus on the impact of lncRNAs on alternative splicing. Lastly, we will briefly discuss the role of snoRNA in alternative splicing regulation.

### Small noncoding RNA guides local chromatin remodeling to regulate alternative splicing

RNA interference (RNAi) is a silencing mechanism in which small (20--25 nt) RNA molecules suppress gene expression by pairing to complementary targets ([@gkt875-B88]). The process generally begins with cleavage of long double-stranded RNA (dsRNA) precursor molecules by the enzyme Dicer to form short double-stranded siRNAs containing one passenger strand and one guide strand. These siRNAs mediate silencing in the cytoplasm (posttranscriptional gene silencing, PTGS) and in the nucleus (chromatin-dependent gene silencing, CDGS) by distinct mechanisms that nevertheless share certain components and features. In PTGS, the RNA-induced silencing complex (RISC) directs the guide strand siRNA to a complementary target sequence in an mRNA. The RISC subunit Argonaute (AGO) is responsible for cleaving the siRNA--mRNA duplex, rendering the mRNA vulnerable to degradation by exonucleases. More relevant to the subject at hand is CDGS, encompassing both transcriptional and cotranscriptional gene silencing, which is best understood in the context of heterochromatin formation in fission yeast but also occurs in plants and animals ([@gkt875-B88]).

CDGS is a remarkably complex process in which the RNA-induced transcriptional silencing complex (RITS), the nuclear version of RISC that also contains a member of the Argonaute family, binds to the guide strand siRNA and directs it to the homologous region in the DNA by base pairing with nascent transcripts ([@gkt875-B89]). In addition to RNA--RNA interactions, RITS is tethered to chromatin via binding of its chromodomain-containing subunit Chp1 to H3K9-methylated nucleosomes. Efficient heterochromatic silencing also requires a positive feedback loop triggered by two additional chromodomain proteins, Swi6 (the fission yeast ortholog of HP1), which binds to H3K9me, and Chp2, (a paralog of Swi6), which recruits a deacetylase complex ([@gkt875-B88]). Thus, in organisms ranging from *Schizosaccharomyces pombe* to humans, silent chromatin is characterized by the presence of H3K9 methylation and hypoacetylated histones.

Whereas heterochromatin is present constitutively at centromeres and certain other chromosomal sites, it can also be formed facultatively to allow reversible transcriptional gene silencing ([@gkt875-B64],[@gkt875-B90]). Interestingly, two recent studies have shown that facultative heterochromatin nucleated by small noncoding RNAs can regulate alternative splicing by inducing transient local chromatin remodeling ([@gkt875-B31],[@gkt875-B70]). In a 'proof of principle' series of experiments, Kornblihtt and colleagues demonstrated that targeting of exogenously applied siRNA to intronic or exonic sequences close to the alternative exon EDI of the FN1 gene modulated the pattern of ED1 inclusion in an AGO1-dependent manner in human cells. Recently, the same group found another example in which alternative exon 18 of NCAM is also regulated by exogenously applied siRNA directed against an intron ([@gkt875-B91]). These investigators further demonstrated that the siRNAs increased the levels of two heterochromatin marks, H3K9me2 and H3K27me3, at the target site. Recognition of these local heterochromatin marks by the human counterpart of fission yeast Swi6, HP1α, promotes EDI inclusion by reducing the elongation rate of RNA polymerase II ([Figure 2](#gkt875-F2){ref-type="fig"}A) ([@gkt875-B70]). Figure 2.RNA-guided mechanisms that link chromatin modification and alternative splicing. (**A**) Treatment of cells with siRNAs complementary to regions surrounding an alternative exon induces deposition of the heterochromatin marks H3K9me2/H3K27me3 and H3K9me3 at the target site, which are bound by HP1α and HP1γ, respectively. This results in a reduction of the Pol II elongation rate and increased exon inclusion. (**B**) An intragenic antisense transcript generates sRNAs that target the intron--exon junction region close to the variable exons of CD44, which leads to enrichment of the H3K9me3 mark and recruitment of HP1γ. Consequently, the Pol II elongation rate is reduced and variable exons are included at a higher level. In addition, the AGO protein that is associated with the sRNA likely recruits multiple splicing factors through direct interactions, which further contributes to the increased inclusion of variable exons (see text for details). (**C**) The process of pre-mRNA splicing reinforces the coincident distribution of Setd2 (the mammalian ortholog of yeast Set2), the H3K36me3 methyltransferase and H3K36me3 marks on exons in genes undergoing active transcription. (**D**) Hu proteins bound at their target pre-mRNA sites interact with and inhibit the enzymatic activity of HDAC2, leading to localized H3 and H4 hyperacetylation in the corresponding chromosomal region. The resulting increase in the Pol II elongation rate through this region promotes skipping of the Hu-regulated alternative exons.

A subsequent study by Harel-Bellan and colleagues implicated endogenous small RNAs (sRNAs) in widespread regulation of alternative splicing ([@gkt875-B31]). These investigators identified many splicing factors in the complexes of chromatin-embedded AGO1 and AGO2. Deep sequencing of sRNAs from the chromatin fraction containing AGO2 indicated that one-third of the population ranged in size from 19 to 30 nt and was specifically enriched near the 3′-ends of introns. The presumptive targeting of endogenous sRNAs to the neighborhood of intron--exon junctions provides an additional link between the RNAi pathway and splicing ([Figure 2](#gkt875-F2){ref-type="fig"}B). The authors of this study went on to use the variable exons of CD44 as a model to investigate the underlying mechanism. They found that upon treatment of cultured mammalian cells with phorbol-12-myristate-13-acetate (PMA), sRNAs recruited AGO1 and AGO2 to the transcribed regions of CD44, which increased local H3K9me3 levels at the chromosomal region corresponding to the variable exons ([@gkt875-B31]). It is known that treatment with PMA increases inclusion of a cluster of nine variable exons of CD44 in many cell types by stimulating protein kinase C activity ([@gkt875-B92]). Accumulation of H3K9me3 on the CD44 variable exon region resulted in recruitment of the chromodomain protein HP1γ, reduced Pol II elongation and promoted inclusion of CD44 variant exons. In addition, depletion of AGO1 or AGO2 in PMA-treated cells consistently decreased H3K9me3 levels over the variable exon region and reduced recruitment of the H3K9me3-binding protein HP1γ to this region ([@gkt875-B31]). This study suggests that endogenously expressed sRNAs influence local H3K9me3 levels to regulate alternative splicing ([Figure 2](#gkt875-F2){ref-type="fig"}B).

### Pre-mRNA guides local chromatin remodeling to regulate alternative splicing

During pre-mRNA splicing, the nascent transcript remains associated with both chromatin and RNA Pol II to ensure highly efficient and accurate splicing ([@gkt875-B49],[@gkt875-B93]). This tight connection among pre-mRNA, RNA Pol II and chromatin provides the basis for pre-mRNA-induced chromatin remodeling. Recently, growing evidence has indicated that pre-mRNA splicing 'reaches back' to influence transcription and chromatin structure ([@gkt875-B94]). The model that pre-mRNA splicing affects chromatin remodeling was first suggested by Kjems and colleagues, who found that the presence of a functional 5′ splice site can produce a significant enrichment of the histone marks H3K9ac and H3K4me3, which are indicative of active transcription ([@gkt875-B95]).

In light of this finding, it is important to note that, as discussed in the previous section on exon definition, the exonic enrichment of the H3K36me3 mark is influenced by pre-mRNA splicing ([Figure 2](#gkt875-F2){ref-type="fig"}C) ([@gkt875-B96],[@gkt875-B97]). Two studies using mammalian cells suggested that cotranscriptional splicing activity is at least one determinant of the establishment and maintenance of the H3K36me3 mark. In the first, Bentley and colleagues showed that inhibition of splicing specifically by splicing signal mutations, or globally by treatment with spliceostatin A, shifted the distribution of H3K36me3 away from the 5′-end and towards the 3′-end ([@gkt875-B96]). In the second study, Carmo-Fonseca and colleagues showed that H3K36me3 distribution is dynamic, fluctuating with changes in local transcription activity ([@gkt875-B97]). In addition, treatment of cells with the splicing inhibitor meayamycin or siRNA-mediated depletion of the splicing factor SAP130 decreased the enrichment of H3K36me3 on internal exons of at least three genes. More importantly, the distribution of the Huntingtin-interacting protein HYPB/Setd2 histone methyltransferase, which catalyzes H3K36 trimethylation, was also shifted in a pattern similar to H3K36me3 when splicing was inhibited ([@gkt875-B97]). Taken together, these observations suggest that a self-reinforcing splicing/histone modification loop facilitates exon recognition in metazoans.

While the above findings strongly imply the existence of a mechanism through which splicing affects chromatin modifications, specifically the H3K36me3 distribution pattern, they do not rule out potential contributions of a reciprocal mechanism through which chromatin affects splicing ([@gkt875-B96]). Support for the existence of such a mechanism is provided by a recent study from Guthrie, Yamamoto and colleagues. Interestingly, these investigators found that the histone marks H3K79me2 and H3K36me3 on alternative exons remained stable before and after treatments that resulted in significant inclusion of alternative exons for two different genes ([@gkt875-B98]). Clearly, additional studies are needed to delineate the role of splicing in establishing and maintaining the patterns of histone marks.

Studies from our group established a distinct mechanism through which pre-mRNA serves as a guide to re-program the local histone acetylation state surrounding alternative exon 23a of the NF1 gene and exon 6 of the FAS gene to regulate alternative splicing of these exons. In this case, Hu proteins are recruited to the chromatin regions that contain alternative exons through binding to their target sequences on the pre-mRNA. Overexpression of Hu proteins in mouse embryonic stem (ES) cells, where Hu protein expression is low, promotes local histone hyperacetylation surrounding the two alternative exons. Conversely, knockdown of Hu proteins in neurons differentiated from mouse ES cells reduces localized histone hyperacetylation. Hu proteins interact with HDAC2 in neurons, and inhibit deacetylation activity of HDAC2 in an *in vitro* assay. Taken together, these results support a model in which Hu proteins are guided by pre-mRNA to induce histone hyperacetylation surrounding alternative exons by inhibiting HDAC activity ([Figure 2](#gkt875-F2){ref-type="fig"}D), leading to an increase in the local transcriptional elongation rate and decreased inclusion of the targeted exons ([@gkt875-B30]).

### Long noncoding RNAs

Long noncoding RNAs (lncRNAs) are a group of transcripts longer than 200 nt that lack significant protein-coding capacity ([@gkt875-B99]). A subset, designated long intergenic noncoding RNAs (lincRNAs), is transcribed from and located within the stretches of DNA between genes, but the majority of lncRNAs are transcribed from complex loci that contain interlaced networks of noncoding and protein-coding transcripts including *cis-*antisense, intronic, bidirectional and promoter-associated lncRNAs ([@gkt875-B100],[@gkt875-B101]).

A role for lncRNAs in the control of pre-mRNA alternative splicing was first suggested by studies of two natural antisense transcripts (NATs). The nuclear thyroid hormone receptor (TR) gene encodes two protein isoforms, NR1A1a and NR1Ab, which are generated by the selective usage of the NR1A1b-specific 5′-splice site. As NR1A1b antagonizes the nuclear thyroid hormone-activated NR1A1a, the TRalpha1:TRalpha2 ratio is a critical determinant of nuclear thyroid hormone action. Lazar and colleagues showed that two antisense lncRNAs (RevErbAα and TRα), which are transcribed from opposite directions at the same locus and overlap the TRα2 coding region, modulate the TRalpha1:TRα2 ratio in intact cells ([@gkt875-B102]). A mechanistically distinct example, in which splicing regulation takes the form of intron retention, is found in the Zeb2 gene, encoding a transcriptional repressor of E-cadherin during an epithelial--mesenchymal transition (EMT) ([@gkt875-B103]). A large intron located in the 5′-untranslated region of Zeb2 contains an internal ribosome entry site (IRES) that is necessary for expression of the protein. During EMT, an antisense lncRNA that includes sequences complementary to the 5′-splice site is transcribed from this region and prevents splicing of the IRES-containing intron from the pre-mRNA, resulting in efficient translation of the Zeb2 protein ([@gkt875-B103]).

While the two examples described above involve lncRNAs acting in *cis*, recent studies conducted by several independent laboratories showed that the lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) regulates alternative splicing by controlling the activity of *trans*-acting factors, specifically members of the SR protein family ([@gkt875-B104]). MALAT1, which is among the most abundant nuclear lncRNAs, was originally identified in a screen for transcripts whose expression is altered in early-stage nonsmall cell lung cancers ([@gkt875-B108]). In normal cells, MALAT1 is associated with SR proteins in both the nucleoplasm and nuclear speckles, and blocks the recruitment of these splicing factors to the pre-mRNA. However, in MALAT1-depleted cells, the levels of active SR proteins are increased, resulting in perturbed patterns of pre-mRNA alternative splicing. This study highlights a novel role for an lncRNA in the regulation of alternative splicing ([@gkt875-B104]). A growing body of evidence indicates that, like siRNAs, lncRNAs can modulate local histone modifications by directing chromatin-remodeling complexes to specific regions of the genome. Thus, it will be interesting to determine whether lncRNAs can also regulate alternative splicing through modulation of chromatin modification.

### Small nucleolar RNAs

Small nucleolar RNAs (snoRNAs) are a specific group of small nonprotein coding RNAs that are best known for their roles as guides for 2′-*O*-methylation or pseudouridylation of other nonprotein coding RNAs such as ribosomal, small nuclear and transfer RNAs (rRNA, snRNA, tRNA). Interestingly, a study by Kishore and Stamm implicated the snoRNA HBII-52 (a.k.a. SNORD115), which lacks significant complementarity to ribosomal RNAs, in promoting inclusion of Exon Vb of the serotonin receptor 5-HT2CR mRNA by binding to an 18-nt region of conserved complementarity that serves as a splicing silencer ([@gkt875-B109]). Exon V of the serotonin receptor can produce exon Va-- or Vb--containing isoforms through the use of two alternative 5′-splice sites. Skipping of exon Vb, encoding the second intracellular loop of the receptor, which is important for G protein binding, results in a truncated receptor due to a frame shift ([@gkt875-B110]). The snoRNA HBII-52 is derived from an imprinted chromosomal domain containing two large arrays of tandemly repeated, paternally expressed box C/D snoRNA genes; the other product of this region, snoRNA H/MBII-85 (a.k.a. SNORD116), has been implicated in the etiology of Prader--Willi Syndrome (PWS) syndrome. Despite the controversy over whether these snoRNAs are processed into smaller RNAs ([@gkt875-B111]), the proposal that defective pre-mRNA processing due to the absence of HBII-52 contributes to PWS disease development is tantalizing. It will be interesting to learn whether other snoRNAs modulate alternative pre-mRNA splicing and, if so, through what mechanism(s).

Concluding remarks
------------------

In this article, we have discussed a number of studies showing that local histone modifications including H3K36me3, H3K9me3 and acetylation, as well as DNA methylation, specifically tag chromosomal regions surrounding alternative exons to influence their inclusion or exclusion from the mature mRNA. Highlighted in particular were the two distinct modes by which specific local chromatin modifications within the coding regions of individual genes are established and/or maintained, presumably to ensure proper coordination of cotranscriptional events including RNA splicing. On the one hand, histone modifications can be established in the conventional transcription-coupled manner, whereas on the other hand, local alterations of this global scheme can be implemented or perhaps maintained/reinforced by additional mechanisms including those which are guided in *cis* by the nascent transcript, or in *trans* by siRNAs/sRNAs or lncRNAs.

While the role of histone modifications in the regulation of transcription initiation is well established, the new discoveries reviewed above have extended the role of histone modifications in regulating gene expression to the elongation phase of transcription. Interestingly, recent studies have revealed that both the rate of transcription elongation and the nature of the histone modifications at individual genes can be regulated in a cell type-specific as well as stimulus-specific manner ([@gkt875-B112]). Perhaps, these new modes of regulation during transcription elongation also make critical contributions to increasing the complexity of the functional output from a given genome by influencing alternative splicing. Intriguingly, in addition to methylation and acetylation, histones can be modified by the addition of other chemical moieties including phosphorylation, ubiquitination, sumoylation and ADP-ribosylation ([@gkt875-B116]). It will be interesting to determine whether these other histone modifications also regulate alternative splicing in metazoans.

Our growing appreciation for the importance of the elongation phase of transcription in regulating gene expression creates new challenges to building a unified framework of genome function. In particular, the pace of transcription must be highly regulated since inappropriate Pol II stalling can result in collisions with the DNA replication machinery and consequently genome instability or even cell death ([@gkt875-B117]). It follows that any mis-steps in coordinating transcription elongation with other processes that utilize chromatin as a template, potentially including recombination and DNA repair as well as replication, could initiate such a disastrous sequence of events. In the context of this review, it is important to note that, like alternative pre-mRNA splicing, DNA-level transactions are modulated by chromatin modifications ([@gkt875-B75]). Remarkably, recent studies have unexpectedly revealed that abnormal expression of factors pertinent to transcriptional elongation and splicing constitutes a major source of chromosomal breakage events in human cells ([@gkt875-B118]). In this regard, it is tempting to speculate that defects in the dynamic balance of chromatin modifications engendered by perturbing the rate of Pol II progression and patterns of alternative splicing could potentially contribute to the etiology of some important human diseases such as cancer.
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